Giant cells
Somatic cells can enter a pre-senescent state which can lead either to mitotic catastrophe [1] , or to the appearance of giant cells that will not survive [2, 3] . It was suggested that such giant cells are either terminal or can revert to parental cells [2] . The giant cells are not only much larger than the parental cells, but also have abnormal structure of the nucleus [4] . Figure 1 presents typical examples of morphological changes which were observed in murine NK/Ly lymphoma cells treated with vinblastine.
Various physical (low-dose radiation) or chemical (drugs targeting the cytoskeleton or DNA) agents cause cell death in the interphase period. Some tumor cells do not undergo an arrest in G 1 and/or G 2 phase. At this decisive moment, cells are either repaired or die by apoptosis. However, some cells reenter the cell cycle, omit cell cycle checkpoints, and give rise to newly born cancer cells [5] . Additionally, such cells can return to the diploid state by eluding S-phase [6] . The giant cell state can be a way of escaping cell death. Eventually, if cells do not reenter the cell cycle, they should die.
The mechanisms determining a cell's decision to die or proliferate are poorly understood. It was demonstrated that cell aging is accompanied by formation of giant cells. For instance, the number of giant cells in the ascitic fluid of NK/Ly lymphoma-bearing mice increased with the number of tumor passaging cycles performed in these animals [7] .
Since cells arrested in G 1 phase need energy to reenter the cell cycle, they could potentially accumulate energy substrates with further size enlargement in order to avoid starvation. We found that the giant NK/ Ly lymphoma cells possess higher mitochondrial respiration rates, although, the mechanism of such change is still not clear (Horbay et al., in press ).
Different mechanisms have been proposed for giant cell formation. Alkaloids (vinblastine and vincristine) obtained from periwinkle plant, colchicine and cryptophycins are known to cause microtubule depolymerization, whereas taxanes (paclitaxel, docetaxel), eleutherobins and laulimalide hyperpolymerize microtubules [8] . In both cases, this leads to cell enlargement, as well as to defects in mitotic assembly, failure of chromosome segregation, duplication of abortive centrosomes, multipolar mitosis, delayed mitosis, monopolar or monoastral spindle, and various microtubule disorders that are characteristic of giant cells. That is why, very often giant cell formation is followed by mitotic catastrophe [8, 9] . Figure 2 presents examples of murine NK/Ly lymphoma giant cells with multiple membrane blebbing at the mitotic catastrophe or apoptosis. One can see a significant difference in size of the corresponding blebs which look like big empty formations at the mitotic catastrophe, or like small membrane buds filled with cytosol in the apoptotic cells. The giant NK/Ly lymphoma cells induced by vinblastine also demonstrate intensive vacuolization of their cytosol (Figure 3 ).
When the cell cycle stops in G 1 -phase, cells can enter an enlargement mechanism [10] . Such cell cycle stoppage is often accompanied by giant cell formation [11] . We found that treatment of NK/Ly lymphoma cells with vinblastine (alkaloid that causes cell cycle arrest in G 2 /M phase) increases their diameter up to 7 times and increase cell volume up to 40 times (Horbay et al., in press). The ionizing irradiation was shown to cause cell volume enlargement even up to 200 times [12] . A question arises: for how long can such cells stay in the arrested state? One A B can speculate that the giant tumor cells use such a state in order to survive the unfavorable conditions. Another mechanism of giant cell formation can be via fusion of smaller cells. An abnormal division forces daughter cells or mitotic cells in G 2 -or S-phases to fuse into a single binucleated cell. Such fused cells can go through further repeated fusions or divisions, resulting in the appearance of giant multinucleated cells. This mechanism is considered to be a common method of cancer cell transformation [13] . An involvement of maximal accumulation of G 2 -arrested cells due to p53 functional loss might also explain a requirement for G 2 /M arrest [14, 15] . Such cells can give rise to daughter cells with asymmetric nuclei and nuclei of different sizes [1, 13] . Endoploidy can cause giant cell formation [16] and mono-or multinucleation due to cell endocycling [17] . Giant cells also possess high Aurora-B protein kinase activity [18] and β-galactosidase activity [19] .
Mitotic catastrophe
Mitotic catastrophe is a chain of events of delayed mitosis-linked cell death ( Figure 4 ). Several structural and molecular changes, such as chromatin condensation, mitotic spindle formation, and cytoskeletal changes that take place during mitosis, can be a cause of the mitotic catastrophe [20] . Additionally, an absence of G 1 /S checkpoint and apoptosis in the interphase and G 2 phase can switch on the mitotic catastrophe and giant cell formation [11] , as well as incomplete DNA synthesis [21] . The mitotic catastrophe is also triggered by various anticancer drugs causing changes in the cytoskeleton, namely β-tubulin destabilization [22] , as well as by ionizing radiation [23] , and other chemical and physical agents [24] . As a result, nuclear organization is impaired (chromosomal inversions and abnormal condensation) and the cell enters a pathway of cell death [25] . Such condensation is a result of appearance of nonsegregated chromosomes [24] followed by incomplete DNA synthesis, often leading to multinucleated cells [26] . Giant cell formation can also result from arrest in G 1 phase of the cell cycle [10] .
This delayed cell death can be observed in giant multinucleated cells after cell enlargement [27] . Moreover, these changes are accompanied by asymmetric chromatid cluster segregation and disorders in the nuclear membrane [28] . Some investigators classify the mitotic catastrophe as a type of apoptosis, since it is based on the same hallmarks, namely the permeabilization of mitochondrial membrane and caspase activation. However, the mitotic catastrophe may not require a caspasedependent mechanism [1] .
It is still unclear how the mitotic catastrophe is related to apoptosis, necrosis, and other forms of cell death [29] . It was even suggested that the mitotic catastrophe can be a survival mechanism for tumor cells by switching to mitosis and, thus, reentering the cell cycle [11, 30] .
Different types of irradiation of lymphoid tumors induced mitotic arrest with further giant cell formation and apoptosis [9, 17] . Apoptosis was shown to be associated with the mitotic catastrophe, however, the molecular mechanisms linking these processes remain poorly understood [30] . Besides, the mitotic catastrophe can be followed by cell necrosis that is accompanied by a loss of membrane and nuclear integrity [31] . An example for this is cell lysis induced by the anticancer drugs cisplatine or docetaxel [32, 33] . It was also found that necrosis occurring after the mitotic catastrophe is linked to aneuploidy and/or polyploidy [34] . 
Cytoskeleton in giant cell transformation
In order to form microtubules, dimers of α-and β-tubulin bind GTP and assemble onto the (+) ends of microtubules. Binding of GTP or GDP to β-tubulin dimers affects their stability [35] . Such nucleotide binding to β-tubulin can destabilize the microtubule structure with further cell enlargement. At the same time, γ-tubulin which is responsible for nucleation and polar orientation of microtubules, stays unaffected and can be found in the centrosomes and spindle pole bodies of many cells [36] . The role of δ-and ε-tubulins in these processes is not clear, although it was shown that these cytoskeletal proteins participate in the mitotic spindle formation during mitosis. Thus, these cytoskeletal proteins can play a vital role in giant cell transformation.
Paclitaxel (taxol) used in cancer chemotherapy is a mitotic inhibitor and microtubule stabilizer isolated from Taxus brevifolia [37] . By binding β-tubulin subunits, paclitaxel forms a complex that is not able to disassemble and this causes cytoskeletal instability.
Such microtubules cannot participate in positioning chromosomes during replication and separation of daughter cells [38, 39] . The blockage of separation of daughter cells results in cell enlargement and mitotic catastrophe [40, 41] . Furthermore, paclitaxel can inhibit Bcl-2 (anti-apoptotic protein), and, thus, initiate programmed cell death [42] .
Alkaloids vincristine and vinblastine bind β-tubulin subunits, thereby inhibiting assembly of microtubules. These inhibitors of M-phase of the cell cycle block chromosome separation via suppressing the action of kinetochores which are necessary for the separation of daughter cells [39] . Thus, the above mentioned alkaloids cause cell enlargement and formation of giant cells via a tubulin-mediated mechanism. Vinblastine, colcemid, and nocodazole can realize their action via two mechanisms [41] . At low concentrations, they suppress microtubule dynamics, whereas at high concentrations, vinblastine reduces molecular mass of the microtubule polymer [41, 43] . The interrelations between alkaloid action, cytoskeleton disorders, giant cell formation, mitotic arrest, and cell death or cell cycling (survival) have been outlined in Figure 5 . 
Elimination of giant cells and its consequences
Previously, it was considered that giant cells are doomed to die, while recently, it was shown that giant cells can survive and stay active for a long time. In some reports it was claimed that a giant cell can give rise to smaller size cancer cells [5, 25, 44] . Under treatment with cytostatics, giant cells can undergo two different pathways [3] . In the 1 st pathway, chemotherapy and irradiation affect only the cycling cells. Thus, giant cells are arrested, and such treatment does not influence them. They become resistant to the applied drug or irradiation and can give rise to new cells possessing an inherited drug resistance. In the 2 nd pathway, giant cells reenter the cell cycle, and this leads to multinucleation and polyploidization. The number of giant cells increases, and they can survive in such state during further treatments, producing new cells or even reverting to the parental cell type. In both cases, giant cells can become resistant to chemotherapy [3] . Taking these data into account, one might suggest that giant cells become more resistant to drug treatment, and, thus, they can play an important role during cancer chemotherapy [2] . Comparative study of sensitivity of the giant and parental murine NK/Ly lymphoma cells to various anticancer drugs is in progress in our lab.
Several mechanisms of cell elimination in the organism are known, and most of them can also take place after giant cell formation (Figure 4 ). Giant cells can die by apoptosis, necrosis, mitotic catastrophe, or even by a combination of two cell death pathways (aponecrosis or necroptosis). Furthermore, these events can follow one after another, or can even transfer from one to another [45] . The mitotic catastrophe is one of the most common events leading to giant cell elimination.
Role of specific protein kinases in cell cycle checkpoints
Cyclin-dependent and other protein kinases were shown to play a critical role in the regulation of cell cycling [46] . It was also shown that endoreduplication and polyploidy of giant cells is often accompanied by an increase in Ccnd1 (Cyclin D), Cdkn2a (cyclin-dependent kinase inhibitor 2A) and Aurora kinase A [47] and -B [48] . Several proteins, such as Gmnn (geminin), Stmn1, and Ccna2 (cyclin A2), suppressed the polyploidy of giant cells. At the same time, Cip/Kip cyclin-dependent protein kinases (p27 Kip1 , p21 Cip1 , p57 Kip2 ) were involved in giant cell formation through cell cycle arrest [49] . These regulatory proteins influenced the polyploid giant cells and did not affect the parental ones. However, during mitotic catastrophe such regulation at the checkpoints is lost [8] .
Here we analyzed the role of ATM (ataxia telangiectasia, mutated)/ATR (ATM and Rad3-related) complex in cell cycle arrest and giant cell formation. It was found that the ATM/ATR-Chk2/Chk1 complex regulated delays in G 1 , S or G 2 stages [8] . ATM (ataxia telangiectasia, mutated) and ATR (ATM and Rad3-related) protein kinases were of great importance during DNA-damage response. ATM and ATR belong to a family of serine-threonine kinases [50, 51] . Both ATM and ATR are capable of phosphorylating the same cellular substrates [52] . ATM is the main mediator in the appearance of DNA double strand breaks, and it can arise by exposure to ionizing radiation. The ATR can also assist ATM in response to double strand breaks. In addition, it can mediate the cellular response to the effects of UV damage on DNA replication. A link between the giant cell formation and ATM function was found, and in both cases, the ionizing radiation was its cause. Since giant cells are frequently arrested in G 1 /G 0 and G 2 /M stages, cell cycle checkpoints were analyzed in more detail.
G 1 -phase cell cycle checkpoints are known to prevent replication of damaged DNA [53] . Both p53 activation and accumulation at the G 1 arrest are regulated by the ATM/ATR kinase complex. p53 levels are regulated via interaction with MDM2. ATM also activates Chk2, which phosphorylates p53 (on S20), leading to p53 accumulation in the cell [54] . An additional S15 phosphorylation of p53 by ATM or ATR enhances p53 activity towards MDM2 and p21 up-regulation. Since p21 acts as an inhibitor of cyclin E/Cdk2 kinase, the up-regulation of this inhibitory protein leads to G 1 arrest [55] . G 2 /M-checkpoint can block cell entry into mitosis, and cell exit from G 2 /M-arrest is controlled by the protein kinase Cdc2, which is essential for this checkpoint [56] . Phosphorylation of Cdc2 is indirectly modulated by ATM and ATR. Activated Chk1 and Chk2 phosphorylate Cdc25C via ATR-and ATM-dependent pathways, respectively [57] . Cdc25C forms a complex with 14-3-3 protein, and such interaction results in a blockage of Cdc2 activation. As a result, the Cdc2/Cyclin B1 complex gets inactivated, and, thus, the cell cannot enter the cell cycle.
In summary, the guardian of the genome, p53 protein is involved in both checkpoints of G 1 and G 2 /M cell cycle arrest. When p53 is deficient, changes in cell division and differentiation occur, potentially leading to tumor development. The activity of p53 is regulated by the ATM/ATR complex, and both p53 deficiency and impaired regulation of ATM/ATR can be involved in carcinogenesis. It is obvious that the role of specific protein kinases in giant cell formation should be studied more thoroughly.
P53 role in giant cell formation
A correlation between p53 and cell cycle arrest was demonstrated [58] . MDAH041 cells can stay in the arrested state (mostly G 1 ) for up to 20 days, and both an increase in p53 and irreversible arrest of the cell cycle occurred in DNA damaged cells [59] . An increase in p53 levels was also found in human ML-1 leukemia cells after G 1 arrest caused by irradiation exposure. During p53-dependent G 1 arrest following DNA damage, cells can perform DNA repair [60] . One might suggest that p53 activation is preferred to DNA damage repair, and escaping S-phase is necessary for this. It was shown that various agents (UV-and γ-irradiation, several chemical compounds) induced DNA damage and caused an increase in wild type p53 protein and arrest at G 1 /S or G 2 /M phases [60] .
By targeting p21/Waf1, p53 blocks the cell cycle, but it does not affect DNA replication directly [55, 59, 61] . Since p21/Waf1 can inhibit G 1 -and the G 2 /M-specific Cdc2 kinase, p53 controls both G 1 /S and G 2 /M checkpoints. In p53-null human fibroblasts, expression of wild-type p53 caused a p21/Waf1-associated G 1 and G 2 /M arrest. Such arrests were shown to be reversible [55] .
The protein product of the p53 tumor suppressor gene is important in the etiology of cancer. It was shown to be mutated, deleted, or rearranged in more than half of all human tumors [62] . As noted above, wild type p53 can suppress tumor growth due to its negative regulation of the cell cycle [59] . At G 1 arrest, an increase in Waf1 leads to an inhibition of the cyclin-dependent kinase complex. As a result, non-phosphorylated Rbfamily proteins cannot interact with E2F and the cell cannot enter S-phase [63] . In this way, p53-dependent G 1 -arrest is strongly linked to the Rb/E2F complex and E2F blockage. Thus, p53-deficient cells are not capable of undergoing G 2 /M-arrest.
It was found that p53 played a significant role in eliminating giant cells. P53-deficient Burkitt's lymphoma cells were shown to undergo DNA repair after irradiation [64] . Both p53 +/+ and p53 -/-MEF/MGB cells underwent neosis, a novel type of cell division. Such giant cells were capable of mitosis, however, only p53 -/-MEF/MGB yielded viable Raju cells via neosis; on the contrary, p53 +/+ MEF/MGB cells underwent neosis only to yield mitotically non-viable Raju cells. Spontaneous transformation of murine embryonic p53 -/-fibroblasts at the end of their diploid mitotic lifespan spontaneously underwent polyploid senescent phase and gave rise to viable Raju cells via neosis [44, 65, 66] . Moreover, this transient arrest at G 2 /M may be a consequence of p53 deficiency. It should be noted that cell endocycling was accompanied by p53 deficiency [14, 67] . This is in accordance with the fact that cells with mutant p53 cannot be arrested in G 1 phase, however, they could exit the transient arrest in G 2 /M followed by polyploidy and giant cell formation [68] .
Neosis, a new mechanism of cell division?
It was suggested that neosis could be a novel type of cell division which the multinucleated giant cells use after mitotic crisis [44] . Giant cell can escape the mitotic catastrophe by suppressing the spindle checkpoint. The giant cell, now termed neosis mother cell, undergoes karyokinesis via nuclear budding and can give rise up to 10 Raju cells/neosis mother cell [5, 44] . The Raju cell clones immediately start dividing via mitosis, may inherit aneuploidy, and display transient stem cell properties. When tumor cells are exposed to genotoxin-therapy, they reach accelerated senescence and escape death by mitotic catastrophe by undergoing neosis again. These Raju cells grow into tumor cells that are resistant to further genotoxic therapy. By keeping the nuclear envelope intact, which will suppress activation of spindle checkpoint, the neosis mother cell is able to give rise to mitotically viable Raju cells, which are protected from death by the mitotic catastrophe. As a result, the daughter cells inherit a genome that is different from the mother cell due to epithelial-mesenchymal transition that preceedes neosis. It is indicated by the fact that nuclear chromatin modulation must have occurred just prior to neosis in order to yield viable genome from the nonviable polyploid genome of the neosis mother cell. All this contributes to the continuous proliferation of cancer cell population and further malignancy [5, 44, 69, 70] . Neotic cells display uncondensed chromatin and consistent with its polyploid nature, nucleus is of a bigger size [18] . Thus, by entering neosis, the cell escapes from cell death by keeping he nuclear envelope intact, it avoids activation of spindle checkpoint, which will not allow inheritance of altered genome by the daughter Raju cells [10, 69, 70] .
There is no information on the molecular mechanism of how the neosis mother cell can give rise to multiple daughter cells by nuclear budding. It is hoped that further studies on neosis and the mechanism involved in the production of the resistant Raju cells might yield a novel approach for improving cancer therapy.
Conclusions
Giant cells can develop from either G 1 /G 0 -arrested or G 2 /M-arrested cells. These cells possess an increased or decreased activity of pro-and antiapoptotic proteins. A deficiency of p53 in giant cells could be an example of such changes. These cells also exhibit disorders in cytoskeletal proteins. Tubulin de-or hyperpolymerization induced by various cytostatic drugs can cause giant cell formation, and only β-tubulin subunit is capable of initiating such processes. This microtubule subunit plays a crucial role in giant cell formation and switching giant cells to apoptosis. It is important to know whether giant cells appear in order to escape cell death, or whether this is a common way by which these cells give rise to new cells of smaller size. β-galactosidase and Aurora B kinase may be potential biochemical markers of giant cells. In future, it will be of importance to determine which molecular mechanisms are involved in giant cell formation and whether these mechanisms are reversible or whether they lead to cell death.
